Overview of data, obtained in the last 7 years, concerning the mechanistic aspects, the catalyzed versions and the synthetic potential of the Kabachnik -Fields reaction are discussed.
Introduction
α-Aminophosphonic acids may be considered as phosphorus analogues of α-amino acids ("bioisosterism" 1 ) and have received considerable attention owing to their pronounced biological activities. These compounds have been shown to serve as inhibitors of GABA receptors, inhibitors of various proteolytic enzymes, inhibitors of dialkylglycine decarboxylase, as peptide mimetics, haptens of catalytic antibodies, antibiotics, and pharmacological agents, including antitumor, antihypertensive and antibacterial ones.
2,3e
Various synthetic methods for α-aminophosphonic acids and α-aminophosphonates have been reported 2o,3 and the straightforward one is the addition of the compounds, containing P-H bond to the C=N-bond of imines (Pudovik reaction, 4 Scheme 1A). In fact, dialkyl phosphites are able to undergo many addition reactions, including addition to the C=O bond to give α-hydroxyphosphonates (Abramov reaction, 5 Scheme 1B). 
Scheme 1
However, the most remarkable pathway to the synthesis of α-aminophosphonates is the 6, 7 which is a one-pot, three-component procedure using carbonyl compound, amine and dialkyl phosphite (Scheme 2). 
Scheme 2
This process was discovered at a time, when multicomponent processes were rather "exotic birds"; from a modern point of view this protocol is obviously very attractive for combinatorial chemistry and has been rarely used for parallel synthesis.
This finding gave us the proper tool to drastically increase the scope of the Kabachnik-Fields reaction. In this review we would like to: (1) briefly summarize the mechanistic data as well as the scope and limitation of the classic procedure, and (2) describe the synthetic applications of our catalytic variant of this reaction. 
Mechanistic details and general scope of the Kabachnik-Fields reaction
As it was mentioned above, this reaction is the one-pot, three-component procedure, which includes: (a) carbonyl compound, (b) amine and (c) dialkyl phosphite and proceeds in accordance with general Scheme 2. This reaction has been studied in detail and thoroughly reviewed. 7, 11 Here we present only essential summary of important characteristics of this reaction.
Mechanistic summary
Obviously, this reaction is, in reality, a multistep procedure having quite a complex mechanism (Scheme 3). 
Scheme 3
Indeed, it was reasonably supposed, that the first step is the formation of the corresponding imine 3 (Pathway A). Because its formation is a reversible process, the application of any means, permitting the elimination of the water formed (vide infra) is helpful for the whole process. In the second step the compounds having P-H bond adds to the C=N bond of the transient imine 3, following with Pudovik type of addition (3 →4) 4 to give phosphonates 4 as the final product (Scheme 3). One of possible complications of the Kabachnik-Fields reaction is also obvious: the dialkyl phosphites are able to undergo Abramov addition to C=O bond, giving α-hydroxyphosphonates 5 (Scheme 2, path B). 5, 7, 9, 11 Thus, in the case of three-component process one is faced with competitive addition of either N-H or P-H fragments to C=O bond. This dichotomy was mentioned and discussed in terms of hard (N-H) and soft (P-H) bases. 7,9b Sometimes the authors claimed, that the Abramov pathway can also lead to the product 4 of Kabachnik-Fields reaction 7 and even considered the direct nucleophilic substitution of the hydroxyl in α-hydroxyphosphonates by amino component ("nucleophilic amination" of α-hydroxy phosphonates 5→4). 11, 12 To the best of our knowledge, the pathway 2→4 has not been discussed in the literature. Some arguments for nucleophilic an amination pathway 5→4 came also from stereochemical consideration. 12 On the other hand, there is an experimental disapproval of this suggestion for some cases. 11, 12 In any case, there is still the possibility for the formation of α-aminophosphonates 4 taking into account the possible reversibility the Abramov process. 11
Conditions and catalysis
The standard procedure usually includes the reaction of equimolar quantities of all components in the appropriate solvent (e.g. benzene, toluene, isopropanol), with or without removal of water by azeotropic distillation. The novel trends in carrying out this reaction are connected with the application of (i) microwave irradiation itself or in combination with catalyst, 13 ( 
Unexpected products in a Kabachnik-Fields synthesis of aminophosphonates
The formation of side products usually connected with the transient formation of α-hydroxyphosphonates, their rearrangement to the corresponding phosphates and their amine promoted decomposition/s, leading to a number of unexpected products. In some cases (e.g. benzophenone) they could be the only products of the reaction.
9,24
Synthetic application of phthalocyanine catalyzed variant of KabachnikFields reaction
As it was mentioned above, we have been developing a novel effective catalytic variant of the synthesis α-aminophosphonates in the presence of tetra-tert-butylphthalocyanines (tPcM) as the catalyst. 10 Now we shall describe the possibilities provided with this protocol to enhance the scope and limitation of the classic procedure.
Variation of carbonyl component
We have shown that a great variety of ketones react with benzylamine and diethyl phosphite leading up to α-benzylaminophosphonates in very high yields (50-98%). 10 A representative set of ketones, which were employed in the synthesis α−benzylaminophosphonates are shown in Table 1 . The data of the Table 1 evidences firstly that a variety of ketones, containing fivemembered (entries [8] [9] [10] [11] [12] 14) or six-membered rings (entries 1-3, 6,7, 15-18) are a good carbonyl component in this reaction, including bi-or polycyclic ketones (entries 7-9, 18) as well as ketones conjugated with aromatic rings (entries 6, 10-15). Entries 16 and 17 show that heterocyclic ketones smoothly react in this reaction. Analogously, α,β-unsaturated aldehydes and ketones also react to give exclusively α-aminophosphonates (entries 21-24, Table 1 ). Entry 5
shows, that cyclopropyl group is untouched during this process. As it was expected, the complication of carbon skeleton of ketones and increasing of steric hindrance leads to smoothly dropping yields of α-aminophosphonates (in the cases of entries 4 and 9 in Table 1 ). Entries 4, 8, 9 clearly demonstrate that steric hindrance does not prohibit the reaction. Furthermore, the dicarbonyl compounds can also play role of carbonyl component in this reaction. Depending on mutual position of C=O groups, the reaction affects either one (entry 17) or both (entries 18-21) carbonyls. (1) it reacts smoothly for all cases, and (2) the hydrogenolysis of the products gave the products with free amino group. 10a However we also developed a convenient reaction leading directly to α-aminophosphonates containing unsubstituted amino group using ammonium carbonate as the amino component (for the followings ketones: 1-4, 6-8, 10,12,13, Table 1 ). 10a,b What is more, the α-aminophosphonates obtained can be transformed into corresponding α-aminophosphonic acids. The pathway includes hydrolysis of esters with HBr with the following dehydrobromination by propylene epoxide as follows: Table 2 . Applied heterocyclic compounds and the corresponding product (Table 3) 10f,h,i . At first, the reactions of benzaldehyde and p-trifluoromethylbenzaldehyde with ethyl ester of glycine gave the corresponding α-amino-phosphonates (entries 1-2). Side formation of diketopiperazines can be sharply reduced with application of tert-Bu esters. Reactions of octanal (entries 6 and 14) with tert-Bu esters of alanine and phenylalanine demonstrate the application of this process to aliphatic aldehydes. What is more, these two esters were successfully involved into reactions with ketones, such as acetophenone, indanone and methyl cyclopropyl ketone. What is more, even free aminoacids (but not only their esters!) can also react to give the corresponding α-aminophosphonates with free carboxyl (entries 10,11,18 and 19) .
Finally, the example ( (Table 3) . One can see that dipeptides can be successfully used in this reaction (entries 20,21) .
Finally, the example of successful application of tripeptide (entry 23) clearly demonstrates that a synthetic potential of this old reaction is great and need more investigations. Table 3 shows that not every amino group can play a role of amino component in this reaction; the extension of the process to other structural classes containing -NH 2 group is obviously attractive and important.
Our preliminary attempt to involve hydrazines and hydroxylamine ethers in this process were encouraging and these reactions are now under investigation.
Conclusions
We have shown that our catalytic variant of the Kabachnik-Fields reaction sufficiently increases its synthetic potential. Recent improvements and developments have been connected with systematic search of (i) novel conditions (micro reactor) 25a ]. Most of the new catalysts were applied to aldehydes, and the reaction with ketones was demonstrated only for few cases. Anyhow a comparative study is necessary to select the best catalyst, taking into account a great variety of possibilities. Another future development will probably be connected with the involvement of new classes of organic compounds as the components of this valuable reaction.
